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Modeling and Simulation of an Alkaline Ni/Zn Cell

Felix K. Schwab,* Britta Doppl, Niklas J. Herrmann, Alice Boudet, Shadi Mirhashemi,

Sylvain Brimaud, and Birger Horstmann*

Nickel/zinc (Ni/Zn) batteries are a promising post-lithium
technology for stationary energy storage applications offering
advantages in safety, environmental compatibility, and resource
availability. Although this battery chemistry has been known for
decades, the theoretical knowledge about its electrochemical
processes remains limited. In order to gain a deeper understand-
ing of the general cycling behavior and the underlying processes,

1. Introduction

Zinc-metal batteries come with a beneficial set of properties,
which—in principle—enables them to compete with the nowa-
days widespread lithium-ion batteries, especially in stationary
applications. There, when weight is not the only criterion for a
successful utilization, zinc electrodes convince with a rather high
theoretical capacity (819.7 mAh g~') and relative stability against
corrosion in aqueous electrolytes. The usage of such electro-
lytes significantly lowers their environmental harm, toxicity,
and flammability, which predestines them to areas where high
safety regulations apply, while their conductivity is high.>*
Both zinc and aqueous electrolytes are typically low-cost.
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but also specific phenomena intrinsic to zinc-based cells such as
zinc shape change, simulations based on a thermodynamically
consistent, volume-averaged continuum model are performed.
A Ni/Zn prototype cell is used as a reference framework to pro-
vide a basis for modeling, parameter estimation, and systematic
comparison between simulated and experimental cell behavior to
enhance cyclability and performance.

These appealing characteristics reflect in a long-standing and
ongoing interest in this technology, which has resulted in a whole
family of zinc-metal batteries,"%**! e.g., Zn/Ni, Zn/Air, Zn/MnO,,
or Zn/Ag, amongst others. But despite this continuous research
effort,’®”! certain processes such as the redistribution of zinc—the
so-called shape change, densification, and passivation, dendrite
formation or hydrogen formation persist,*®'" regardless of a
better understanding and progress with these topics.

A promising electrode pair is Zn/Ni (in the following the more
usual term Ni/Zn is used), which makes use of the well-
established B-NiO(OH)/B-Ni(OH), insertion material as the positive
electrode that is stable in alkaline media.'® When this element
combination is constructed as a vented battery, high energy and
power densities”>' and cycle life at good depths of discharge
(DoD)"*'® may be achieved. The theoretical capacity of the
positive electrode (289.1 mAhg™") is the limit for the cell,"?
which may be maximally utilized to up to around 90% due to
oxygen formation at the end of charge.l"’'®

Along with the history of zinc metal batteries, efforts to model
them on a continuum scale date back a long time. Numerous
modeling works can be found for the stand-alone zinc electrode,
or in any combination (see refs. [6,19,20], amongst others).
Important topics have been the correct description of the
Zn/Zn0 dissolution-precipitation reaction,’”’* hydrogen forma-
tion,”¥ the change in active surface area due to zinc conversion
and hindered transport through the ZnO porous layer.*>2>-27]
Equally, the B-NiO(OH)/B-Ni(OH), electrode has been extensively
modeled, mostly in the context of Ni/Cd or metal-hydride
batteries, see refs. [28,29], amongst others. Here, the electrode’s
open-circuit potential (OCP) curve and hysteresis,®°? the proton
insertion modeled as solid diffusion®*** and the oxygen forma-
tion at the end of charge®°>? have been of importance. In the
case of Ni/Zn continuum models, only a few works exist. In an
early one, Choi and Yao™® examined the cell type with a focus
on the Ni electrode, already including the convection of the elec-
trolyte solution but neglecting the O, formation. The influence of
operating conditions, e.g. the rate of charge and species
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concentrations, on the charge acceptance of the electrode is
described. Miller et al.*® analyzed concentration levels in the
whole extent of the cell. Isaacson et al.®*” used a 2D continuum
model to investigate concentration and current density distribu-
tion, the zinc shape change and the influence of an electrolyte
reservoir. Again, O, formation and other aspects of the Ni elec-
trode are not part of the model due to an emphasis on the Zn
electrode. Later, Arise et al.*®*¥' used a simplified model to study
transient concentration profiles in the cell and to explain experi-
mentally found morphology changes in the Zn electrode, with-
out, e.g., accounting for the zinc dissolution-precipitation
reactions. Huang et al®” used a continuum model to assist
the development of new nickel high-power electrodes. The
model includes O, formation and solid diffusion proton insertion.

The aim of this study is to present a 3D model of a Ni/Zn cell,
which is able to represent the experimental data of such a cell
prototype. For this purpose, we combine the relevant aspects
of the Ni/Zn technology in one continuum model, focusing on
dissolution-precipitation at the Zn electrode as well as proton
insertion and O, formation at the Ni electrode. Concentrated
solution theory for the electrolyte solution, including convection
completes the model. On this basis, we discuss, evaluate, and
compare the predictions of the cell model to experimental results
and images. The modeling is based on the work of Latz and
Zausch,"'*? who introduced a thermodynamically consistent
transport theory for lithium-ion batteries. Aspects of the Zn
electrode are mainly based on works of Stamm et al.*® and
Schmitt et al.,”” while the model for the Ni electrode is largely
inspired by preliminary work by Doppl,“® which is based on
Paxton and Newman®® and Albertus et al.??

Before stating our computational and experimental methods in
the upcoming section, we formulate the reactions which drive the
alkaline Ni/Zn cell and describe the battery’s working principle.

Main working principle and reactions When discharging the
Ni/Zn cell, the following happens: First, at the negative Zn/ZnO
electrode, zinc is dissolved and released into the strongly alkaline
ZnO-saturated KOH electrolyte solution as Zn(OH)2™ (zincate,
Figure 1(l)) while providing two elect,

Zn+40H = Zn(OH),> +2e” (1)

with A¢°® = —1.20V/SHE. Continued dissolution and redeposition
of Zn change the shape of the electrode. As seen in Reaction (1),
this process requires OH™ (hydroxide) ions, which are transported
through the separator coming from the positive B-NiO(OH)/
B-Ni(OH), electrode. Second, the electrons stemming from the
zinc dissolution arrive through the electric circuit and split the
water in the electrolyte solution (Figure 1(ll)). The emerging pro-
tons are inserted into the NiO(OH) structure,

B-NiO(OH) + H,0 + e~ = B-Ni(OH), + OH" )

with Ag¢° = +0.49 V/SHE, and the OH™ ions transported to the
negative electrode close the circuit. Lastly, when the zincate con-
centration in the electrolyte solution rises above its saturation
limit, a precipitation reaction takes place, forming a ZnO layer
on top of the Zn in the negative electrode (Figure 1(lll)),
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Ni electrode

Figure 1. Schematic representation of a vented Ni/Zn cell together with
the most important reactions.

Zn(OH),>” = ZnO + H,0 + 20H" 3)

This is an important part of the battery concept, as the
precipitation allows Reaction (1) to continue efficiently through
Zn(OH)2~ being stored compactly as ZnO. However, this
precipitation often forms a passivating layer on Zn surfaces.
When charging, all these processes are reversed. Overall, the cell
reaction is

Zn + 2 p-NiO(OH) + H, O = ZnO + 2 B-Ni(OH), “)

with A¢°® = +1.69 V/SHE.

Due to the cell voltage, which lies outside the electrochemical
stability window of water, AE = 1.23V, two side reactions, hydro-
gen and oxygen evolution reactions (HER and OER), play a major
role

2H,0 + 2e = Hyq +20H" (5)

40H™ = 2H,0 + Oy,qt+4e” (6)

with A¢° = —0.83 V/SHE and A¢° = +0.40 V/SHE, respectively.
The main consequence of the OER is a reduced Coulombic effi-
ciency (CE), which in turn leads to more ZnO being dissolved
during charging than is precipitated during discharging.
However, this ZnO imbalance is counteracted by a portion of
the O, produced being transported from the Ni electrode
through the separator to the Zn electrode, where it reacts to
form ZnQ,>"

2Zn+ Oy, = 2Zn0 ?
Excess O, and H, are released from the electrolyte through

Reaction (S7) and (S8), see Section S9, Supporting Information.
In such cells, but disregarded in this work, these gases are
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collected in a headspace (see Figure 1), which serves additionally
as an electrolyte reservoir. There, the gases recombine to water at
a catalyst or vent through a valve when pressure becomes
critical. 12178 This causes loss of electrolyte solution, which
may result in a so-called dry-out,” leaving parts of the electrodes
non-wetted. Occasional electrolyte refilling may be required.

Structure In the following, we will give details on the
computational and experimental methods used, pointing out
the important aspects of the transport and reaction modeling.
Then, in the results and discussion section, we present findings
from the simulation of single cycles and long-term cycling. They
are compared to experimental results, discussed and optimiza-
tion strategies are outlined. Lastly, we give a summary and a
conclusion of our work.

2. Computational and Experimental Methods

We conducted experiments and computational studies on the
basis of a vented Ni/Zn cell with a strongly alkaline KOH electro-
lyte solution. It hence combines a conversion-type Zn electrode,
which dissolves during the discharge process, with an insertion-
type Ni electrode, which stores protons. Due to the use of an
aqueous electrolyte solution and operation outside of the
electrochemical stability window of water, gases are produced,
affecting battery functioning.

Regarding the cell model, the most important assumptions
and approaches are derived from the description in the intro-
ductory paragraph on working principles and reactions, which
will only be discussed in essence here. For further details, we
refer the interested reader directly to the Supporting
Information.

2.1. Modeling Approach

The main functionality of a battery cell, the conversion of chemi-
cal to electric energy through electrochemical reactions, happens
at the interfaces between the solid electrodes and an electrolyte
solution. Furthermore, the transport of electrons through the for-
mer and ions through the latter has to be ensured to close the
circuit. In order to represent this behavior in a consistent physico-
chemical model, a physics-based model approach is chosen that
includes the transport process in the form of balance equations
and reactions as (electro-) chemical kinetics. Based on similar and
already existing models for lithium-based or zinc-based batteries,
the Ni/Zn cell discussed here is modeled.**?”442 |n the follow-
ing, only the basic assumptions and foundation of our model will
be introduced. We will not list and explain the numerous model
equations and parameters in detail here, but refer the interested
reader to the Supporting Information.

2.1.1. Transport in Electrolyte and Electrodes

Two crucial assumptions form the basis of our transport descrip-
tion. First, the strongly alkaline electrolyte solution requires the
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use of concentrated solution theory, which introduces transport
parameters that are independent of each other.?® For each spe-
cies k in the electrolyte solution, we have a diffusion coefficient
D*, a transference number t¥, and for the solution in total an ionic
conductivity x. Second, we use a volume-averaged description to
circumvent a detailed representation of the electrodes’ and the
separator’s microstructure,’””’ which helps to make a 3D simula-
tion of a whole battery cell feasible. Volume averaging condenses
the microstructure information of a phase q, e.g., solid electrode
phase or liquid electrolyte phase, into two phase-specific quanti-
ties, volume fraction ¢* and tortuosity . In each point, the
volume fractions of all solids, liquids, and gases have to follow
the sum constraint £° 4 €' + €9 = 1. On an abstract level, this leads
then to effective parameters and quantities, e.g. effective
diffusion coefficients D**™ =¢/.D" or effective concentrations
= = ec¥, which has the microstructure information inscribed.

Within this framework, a major part is the transport or balance
laws in each phase. In the liquid electrolyte phase, these transport
equations comprise fluxes due to diffusion, electromigration, and
volume-centered convection. While diffusion and electromigra-
tion are caused by gradients in concentrations and electric poten-
tial, respectively, convection in our model roots from changes in
the solid and liquid volume fractions, inducing a pressure in the
liquid, p', causing a displacement of liquid.?” Here, the volume-
centered description™“* is used instead of the mass-centered
one to facilitate the evaluation of the incompressibility condition.
These coupled fluxes then drive the transport of species in the
electrolyte solution, which are represented by local concentra-
tions ¢, k={OH", Zn(OH);", Ozuqy Hawg} and allow for their
temporal and spatial evolution. Furthermore, we solve for the
electrolyte potential ¢°. The resulting concentration balances
and charge conservation in the electrolyte solution are then
written as

a | k N .
’;tc - _V. <Nk'eff + s'ck\7> + ZA'V*’]’
r

N (8
0=-V- (]-el,l.eff) + ZAerrjr
r
where N**® and j*'*" represent the effective particle flux and

ionic current densities, respectively, which are defined in
Equation (S8) and (S9), Supporting Information. The convection
is driven by the volume-centered velocity v, and the source terms
summing over all relevant reaction r comprise the reaction-spe-
cific surface area A", the number of transferred electrons z, the
Faraday constant F, the reaction rate j* and the corresponding
stoichiometric coefficient V¥, In the solid phases of the electrodes,
only electronic conduction plays a role, which is caused by the
gradient of the solid phase (electrode) potential ¢°.

The difference between ¢* and ¢¢ drives electrochemical
reactions at the electrode-electrolyte interfaces, which are mod-
eled as phenomenological Butler-Volmer equations giving the
reaction rates j* of the source terms in Equation (8). If O,uq)
and H,qq oversaturate in the electrolyte solution, they outgas
and do not further influence the Ni/Zn cell.
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2.1.2. Zinc Electrode

Both the dissolution of the Zn electrode due to Reaction (1) and
the precipitation of ZnO due to Reaction (3) as soon as the
electrolyte solution is saturated with zincate result in a change
of the respective volume fractions, ¢ and ¢“"°, modeled by
balance equations. The latter reaction creates a ZnO shell
around the Zn particles which acts as a passivation:*® If pres-
ent, the transport of OH™ and Zn(OH);™ to and from the zinc
surface is hindered (see Figure 2). By calculating surface con-
centrations for these two species, ¢*, k= {OH", Zn(OH)?"},
this aspect of the zinc electrode enters and influences
Reaction (1) and (5). From a Modeling point of view, this is writ-
ten as a balance between the hindered diffusion through the
ZnO shell and the reactions depending on species k happening
on the Zn surface,

o ot anO,o (Ck,s _ Ck) .
(-I _EZOL)ﬁZ DkWT:ZVkJ (9)
r

where £"°" and B*"°t are the volume fraction and the
Bruggeman coefficient™*® of the ZnO layer, converting the dif-
fusion coefficient D* to an effective property. While the two
radii "' and r*"°° correspond to the inner and outer radius
of the ZnO shell, respectively, as depicted in Figure 2, their dif-
ference Ar is its thickness. The right-hand side of the balance
equation contains the sum over all reactions r producing or
consuming species k via the reaction rate j* and the correspond-
ing stoichiometric coefficient v*". Furthermore, oxygen recom-
bination (Reaction (7)) takes place at the Zn electrode, which is
modeled by a simple chemical reaction equation.

bulk electrolyte

OH~
Zn(OH)~

electrolyte at surface

Figure 2. lllustration of a zinc particle with surrounding zinc oxide layer.
The layer slows down species transport to the zinc surface, influencing the
respective reactions. We assume that the inner radius of the ZnO shell
coincides with the outer radius of the Zn particle.
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2.1.3. Nickel Electrode

In contrast, at the Ni electrode, an insertion process takes
place where protons enter the active material through the elec-
trochemical Reaction (2). From the surface, they diffuse into the
particle and are stored by forming Ni(OH),, see Figure 3.
Assuming the NiO(OH) particles are perfect spheres, we describe
the storage process as a solid diffusion process of the proton con-
centration ¢,

oc" 19 [ . ,ac"
ot Por (D r 7) (10)

with r being the radial coordinate in the particle and D" being
the solid diffusion coefficient of the protons (see Equation (S7),
Supporting Information). Since NiO(OH) and Ni(OH), show a dif-
ference in mass density, the volume fraction of the active material
in the Ni electrode would change as in the Zn electrode. As this
difference is small, we neglect this effect here.

2.2. Simulation and Setup

The geometry of the simulation setup used in this work follows
that of SUNERGY's prototype Ni/Zn cell as described in Section S2,
Supporting Information. This gives a simulation box for the total
cell as it is depicted in Figure 4a, which is used in a resolution of
13 x 21 x 23 voxels for simulations where a three dimensionally
resolved structure is needed. For all other simulations, a much
smaller—and hence computationally less expensive—simulation
box is used (see Figure 4b). This thin cut-out of the total cell has a
voxel count of 18 x 3 x 3 and may be regarded as a pseudo-1D
setup, mainly used for parameter analysis or long-term cycling.
In both cases, the solid diffusion in the spherical active material
particles in the Ni electrode (cf. Equation (10) and Figure 3) is dis-
cretised by five equidistant grid points, while the simulation
domains possess a nonequidistant grid to reduce computational
costs (see Section S2, Supporting Information). Initial conditions,

Figure 3. Depiction of a NiO(OH)/Ni(OH), particle as a perfect sphere. The
protons entering the particle on the surface through Reaction (2) are inserted
via a solid diffusion mechanism.
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(a)

X
M current Collector, Anode [ Anode M Membrane
] current Collector, Cathode B cathode B Feit

Figure 4. Setup of the simulation boxes. a) Detailed full cell setup, mem-
brane and felt not shown. b) Thin, horizontal slice of the full cell serves as
a reduced setup. The x-axis has been scaled by a factor of 10 for a better
depiction.

for e.g.,, the composition of the electrolyte solution or the initial
volume ratio of Zn to ZnO, are stated in Section S3 and S4,
Supporting Information. The same applies for the general bound-
ary conditions for the applied current or voltage (Section S5,
Supporting Information), which are based on the cycling proto-
cols introduced in the section on experimental procedures. The
pseudo-1D setup possesses periodicity in the z-direction. As this
setup does not include the tab connections, here the current and
voltage boundary conditions are applied to the back of the
respective current collectors. For this purpose, an artificial and
very thin current collector is added to the backside of the Ni elec-
trode (not depicted in Figure 4b, as the actual Ni electrode uses a
Ni mesh as a current collector).

We estimated most material constants, such as ion diffusion
coefficients or conductivities, from literature as described and
given in the Supporting Information, but some parameters lie
in a wide range of values due to composition, uncertain additives
or other influences, and hence have to be assumed by an edu-
cated guess. The various standard reduction potentials Ag¢° of the
electrochemical reactions, for example, must be adapted to the
conditions in the battery cell, but as they follow more specific
considerations such as the influence of electrolyte concentration
or known additives, they have relatively fixed values discussed in
Section S9, Supporting Information. Other parameters with some
uncertainty are the reaction rate constants k', the proton diffusion

coefficients DNIC©H)/DNOH): the interaction coefficient y and the
voltage hysteresis AU™*“ of the Ni active material, and the
Bruggeman coefficient of the ZnO film around the zinc particles,
B#"°~t, A suitable and meaningful set of values for these param-
eters is listed in Table 1. These parameters were chosen to catch
typical characteristics of Ni/Zn cells, as they are depicted in the
result section, see Figure 5a and 8a. This includes, e.g., the volt-
age plateau at the end of charge, C-rate dependence of the
charge/discharge branch, infliction points of the cell voltage
and the CE of the regular cycles. Generally, the reproduction
of the regular cycles is prioritized over formation cycles, as they
make up the main part of the cycle life.

The model described above and in detail in Section S6-511,
Supporting Information, is implemented in the software package
Battery and Electrochemistry Simulation Tool (BEST),*” using the
finite volume method (FVM). The software relies on the software
package SAMG™® to solve the nonlinear system of equations and
allows for multiprocess execution using OpenMP. More precisely,
we employ the sequential semi-implicit time integration scheme
described by Schmitt et al, ! which is especially suitable to solve
the multicomponent incompressibility constraint arising due to
the included electrolyte convection. Schmitt and coworkers
implemented this algorithm in BEST and proved its numerical
applicability to conversion-type electrochemical cells by analyz-
ing stability (regarding, e.g., problem size, resolution, and time
step width) and error.

For the 3D visualization of simulation results the visualization
software VisIT®**" is used.

2.3. Experimental Procedures

We conduct the following experiments with an 8 Ah Ni/Zn cell
prototype (SUNERGY).

2.3.1. Cycling Data

Several cycling tests with prototypes of slightly varying parame-
ters, e.g., Zn particle size, have been performed. All prototypes are
very similar to the prototype cell described in the Supporting
Information.

During initial cycling of a pristine cell, the first three cycles
employ a specialized cycling protocol to form and condition
the Zn electrode (formation cycles). This deliberate, slow-rate
charge/discharge procedure is essential for establishing the initial
pore structure of the Zn electrode through the conversion of ZnO
to metallic Zn, which exhibits a lower molar volume. Furthermore,
this process enhances the conductive network of the metallic

Table 1. Estimated parameters of the electrochemical Ni/Zn cell model.

k' [molcm=2s57] K" [molcm™257"] K" [molcm=2s7"] kY [molem=2s7"] K" [s™1 K" s
25x 107" 1.0x 1077 25x107% 15x107'® 50x 1073 3.0 x 10?
kVIII [5—1] DNiO(OH) [le S—l] DNi(QH)Z [sz 571 BZnO—L [_] y [_] Auhyst. [V]
25x 107" 95x 107" 1.0 x 1072 1.75 —8 0.1325
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L2y d exp.: envelope 3" formation cycles |
11 — model: 3 formation cycle |
| |
0 0.5 1
Q / Qmax N
(b) » : ‘
/A E—==—
1.8 ‘js' /B _
T 16| / i

exp.: envelope regular cycles
11 model: 5! regular cycle

\
0 0.5 1
Q/Qmax

Figure 5. Charge and discharge behavior of the prototype and virtual cell.
a) Experimental envelope and simulated curves of the cell voltage over
transferred charge of the 3rd formation cycle. b) Experimental envelope
and simulated curves of the cell voltage over transferred charge of the 5th
regular cycle. Segments of interest in both curves have been marked by
letters A to E.

zinc. The formation protocol follows conventional practice: charg-
ing at low current density until reaching the characteristic voltage
plateau of Ni/Zn cells, followed by a likewise slow discharge.
Upon completion of the formation cycles, regular cycling com-
mences, representing the intended operational conditions for
this prototype. The standard cycling protocol initiates with charg-
ing at a 1C rate until the cell voltage reaches 1.94 V. This is fol-
lowed by constant voltage (CV) charging maintained until
either the projected capacity of Q™ = 8 Ah has been transferred
or the current decreases below %, as a safety cutoff. The dis-
charge phase proceeds at a 1C rate until the cell voltage falls
below 1.0V.

All cycling data was recorded with a BST8-12 battery analyzer
from MTI (5 mA-12 A up to 5V) following the cycling protocol
described above. The data points have been recorded every
120 s. Additions of a few grams of deionized water may have
been made every few hundred cycles, if the level of electrolyte
decreased because of the water splitting due to Reaction (5)
and (6). The combination of cell composition and cycling protocol
allows for more than 3800 cycles.

We present the cycling data in the form of envelope curves
(see Figure 5a,b), which are, in the case of the formation cycle, a
selection of the third formation cycle of different realizations of
the prototype. For the regular cycle, the envelope curve
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comprises a selection of cycles between cycle number 49 and
101 of one realization of the prototype.

2.3.2. u-XRF Measurements

For the comparison of pristine and end-of-life distribution of ele-
mental zinc, another prototype cell was cycled for 1800 cycles.
While the formation cycles followed the same procedure as
above, the regular cycles had an altered protocol: Constant cur-
rent (CC) charging was performed at a </ rate until Q™™ =8 Ah
had been transferred. Discharging happened then again with a
1C rate until the cell voltage dropped below 1.0 V.

A micro X-ray fluorescence (u-XRF) device (Bruker M4
Tornado) was employed for spatially resolved elemental analysis
of the Zn electrode. The u-XRF images depicting the elemental
zinc distribution in the electrode are shown in Figure 10a,b.

3. Results and Discussion

We investigate the cycling behavior of the virtual Ni/Zn cell
described in the modeling and setup sections, making direct
comparisons with experimental results obtained via methods
outlined in the experiment section. The core cycling characteris-
tics of our model are evaluated against experimental data and
long-term performance is analyzed to assess model quality
and to identify potential improvements for Ni/Zn cells. Results
are presented and discussed systematically by topic.

3.1. Charge and Discharge of the Cell

In a first step, we only carry out a few cycles and place an empha-
sis on the behavior of the model during a single charge/discharge
cycle, as well as how it relates to experimental observations.

3.1.1. Cell Voltage During One Cycle

The cycling experiments of the slightly varied prototype cells
have been collected in an envelope curve for the third formation
cycle and typical regular cycles, see Figure 5. Both cycle types
show typical behavior for this cell type. The formation cycle (blue
shaded) attempts a full charge, which gives a steadily increasing
cell voltage with a slightly convex trend. This increase is slowly
diminished and ends in a voltage plateau soon after the projected
8 Ah of transferred charge is surpassed. From here, the cell volt-
age does not drop abruptly onto the discharge curve but joins it
smoothly, before it collapses at the end of discharge. In principle,
this behavior is also maintained at the higher C-rates of the reg-
ular cycles (orange shaded). Differences show, of course, in the
level of the cell voltage, the cycling protocol related voltage pla-
teau and the slightly more convex shape of the charging branch.

These experimental curves have been superposed by the sim-
ulation results (solid lines) obtained as described in the simulation
section. We observe that for the larger part of the charge and
discharge curve, a close agreement between experiments and
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simulation is reached. To a certain extent, this is also true for parts
where a deviation may be observed, as the same trends may be
recognized. For easier identification, these segments, where dif-
ferences between model and experiment show, have been
labeled from A to E.

At the beginning of charge (segment A), experimental cycling
curves show a slight rise, more pronounced in the formation
cycle. The simulated voltage curve maintains a constant slope.
During discharge (segment B), experiments exhibit a small volt-
age drop followed by a smooth decline forming an arc, equally
observed in slow and fast discharging, i.e., formation and regular
cycles, respectively. Simulations, however, predict this as a nearly
instantaneous drop with a mild arc. Near the end of discharge
(segment C), cell voltage declines less abruptly in experiments
compared to simulations. Two unique, cycle-specific segments
are notable: the formation cycle’s end-of-charge plateau
(segment D), which the model reproduces imperfectly, and the
regular cycle’s pre-CV charging stage (segment E), where the cell
voltage curve becomes convex (see magnification in Figure 5b),
also predicted by simulations but to a lesser extent.

When examining the course of the simulated charge/dis-
charge curve in Figure 5a,b, we see a reasonable reproduction
of the respective experiments for both the formation and regular
cycle. This underlines the validity of our modeling approach,
which shows in several aspects of the curves. Generally, the com-
bination of the models for the conversion-type Zn and insertion-
type Ni electrodes is well-suited to depicting the slight but
constant increase in cell voltage in the charging phase, as well
as the decreasing counterpart during discharging. The kinetics
of Reaction (1), (2), and (6) and their overpotentials together with
a reasonably-scaled voltage offset used in our model (cf. Section
S9, Supporting Information) describe accurately enough the
height of the voltage drop when switching from charging to
discharging, and in conjunction with the solid diffusion proton
transport into the Ni active material, the cell voltage breakdown
at the endof-discharge is sufficiently matched. Besides this,
further issues are covered, which are most prominently the
end-of-charge voltage plateau induced by the OER (formation
cycle, blue), suppressing the extraction of protons from the active
material and keeping the cell voltage at a level comparable to the
experimental findings, and the behavior when switching from CC
to CV charging in the regular cycle (orange). There, the cell volt-
age development is close to the experiments, which shows espe-
cially in the continued charging operation after switching to CV,
indicating a suitable modeling of the continued proton extraction
from the Ni active material. Since all of this also happens suffi-
ciently accurately at the different C-rates involved when charging
and discharging in formation and regular cycles, the model is suit-
able for realistic simulations of a Ni/Zn cell.

However, the simulations are not identical to the experi-
ments, as shown in points A to E marked in Figure 5a,b. These
deviations are mostly rooted in the compactness of the model,
which leaves out details, e.g., the influence of additives as
Ca(OH), in the Zn electrode (see Table S3, Supporting
Information), or uses simplified approaches, e.g., for multistep
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Reaction (1), (5), and (6). The latter certainly affects the rate
dependence of the model, and more detailed descriptions would
be possible, e.g., to capture the complexity of the OER[?
Although these deviations are considered minor in the context
of the overall functioning of the model, we may still obtain a bet-
ter understanding of the model and relevant processes in the
Ni/Zn cell by assessing them.

The slight voltage bump in segment A, which wears off in the
course of charging, indicates an initial, temporary transport hin-
drance. This may be linked to the permeability of the ZnO layer or
the proton diffusion in the Ni active material. Both have their
most unfavorable configuration at this stage, i.e,, maximum layer
thickness and the highest amount of diffusion-inhibiting Ni(OH),.
Indeed a bump may be induced by e.g., varying the Bruggeman
coefficient p?"° or the diffusion coefficient DM©":. However,
these effects should scale with the C-rate, but the bump seems
to be lower in the regular (1C) than in the formation cycle (%;,).
A possible explanation is the shift of the state of charge (SOC)
window with higher C-rates (cf. Figure 8c), as discussed in the
next section. Through this shift at 1C, the lower SOC regions con-
nected with the previously described transport hindrances are
avoided naturally. Furthermore, other influences such as the role
of Ca(OH), or non-wetted active surfaces due to the convection of
the electrolyte solution may play an additional role, and lastly, as
the bump is only pronounced in the formation cycles, it may sim-
ply be connected to the Zn electrode formation process, in which
large parts of the initial, transport-hindering ZnO is converted bit
by bit to Zn.

In segment B, the behavior of the cell voltage consists of two
parts: a small instantaneous drop followed by a gradual decline.
While the former may be attributed to the change in reaction
overpotentials from charge to discharge operation, the latter indi-
cates an uncovered time- or charge-dependent process. This pro-
cess affects only that part of the voltage difference between
charge and discharge branches, which is commonly identified
as the hysteresis of the B-NiO(OH)/B-Ni(OH), electrode 2235
The true physical reason for this hysteresis is still unknown,
but a reordering or transformation process in the Ni active par-
ticles would explain the slow drop in voltage. More recent inves-
tigations®®*” indicate the formation of a kinetically-favored,
metastable TP2 phase upon charge, while during discharge a
thermodynamically-favored pathway may be used, leading to
a loss of energy and thus a voltage drop. But due to the yet
unclear origin, we model this hysteresis by a simple voltage offset
between discharge and charge branch (cf. Section S9, Supporting
Information), which explains the deviation between simulation
and experiment.

In segment C, the voltage collapse at the end of discharge
happens, which is accurately predicted by position but not so
much in shape. During discharging, Reaction (2) inserts protons
into the outer shell of the Ni particles, which diffuse into the
active material. This diffusion gradually slows down as more pro-
tons are inserted, and at one point, protons are inserted into this
outer shell faster than they can be transported deeper into the
particle. When the outer shell reaches its limit, the voltage
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collapses. In addition, the concentration overpotential of
Reaction (2) influences the rough voltage curve at this point.
Thus, possible remedies could involve the introduction of either
Ni particles of different size to smear out the voltage drop or sur-
face concentrations at these particles to have a stronger influence
of the concentration overpotential. Neither of them is used here
for the sake of model simplicity. A different possibility would
involve varying the relevant reaction constant k", which may
smooth this segment as discussed in Section $12.2, Supporting
Information. Due to its strong influence on an overall consistent
cell behavior, this possibility was ruled out.

The behaviors observed in segments D and E represent
distinct electrochemical processes that are interlinked. We analyze
each segment separately before examining its mutual influences.

At segment D, during the formation cycle, a voltage plateau is
reached due to a dominating OER at the end of charge. The O,
formation is in competition with the proton extraction reaction,
which shifts into a less favorable overpotential region when most
protons have been extracted from the active material. The slightly
underestimated OER resulting in a higher voltage plateau com-
pared to the experimental curves could easily be corrected by
modifying its reaction constant k¥, which also controls the onset
of the very same plateau.

Segment E, see the magnification in Figure 5b, points out the
region before the cycling protocol switches from CC to CV charg-
ing, which happens upon reaching a cell voltage of U*" = 1.94 V.
Due to its convex voltage curve, the experiments attain this limit
earlier than the simulation, which remains relatively flat. This
onset of convexity indicates that, similar to what has been dis-
cussed for segment C, the Ni particles’ outer shells are nearly
depleted of protons through the extraction Reaction (2), resulting
in a rise of the SOC-dependent OCP of the very same reaction.
At the same time, the OER seems not to be strong enough
yet to suppress this convexity, which is beneficial for the CE of
the cell. To bring the simulation closer to the experimental obser-
vation, the solid diffusion coefficients DNC© and DN©": have to
be reduced, so that the extraction limit is reached earlier and a
convexity is established. However, this may also influence the
overall steepness of the charging branch.

After the mechanisms of the two segments have been con-
sidered individually, their interaction and its consequence for the
Ni/Zn cell are discussed. The use of a stronger OER to adjust the
voltage plateau (segment D) inevitably shifts its onset, which may
already flatten the voltage curve in segment E, restraining the
desired convex behavior. This results in a reduced CE.
Conversely, changing the solid diffusion constants to tune the
behavior in segment E increases the cell voltage earlier on, which
may translate to overpotentials at the Ni electrode that favor the
OER too soon, leading again to a lower CE. This may be counter-
acted by attenuating the OER, but with the negative effect of a
voltage plateau in segment D, which deviates from the experi-
mental observation. The approximation of these two processes
in our model is hence a compromise, where both segments have
a small deviation from the experimental data, while the CE
reaches realistic values as discussed in the next section.
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A secondary consequence of this interplay is the placement of
the cycled 8 Ah capacity window within the total SOC range dur-
ing regular cycling (discussed in the following section, see
Figure 8c). The faster the solid diffusion is assumed in our model,
the lower SOCs are possible at the end of discharge, which
pushes the cycled capacity window away from the beginning
of the OER. However, for realistic values of the solid diffusion coef-
ficients, the upper end of this window is at the onset of the OER,
which agrees with experimental observations and thus speaks in
favor of a good approximation by the model. As a result, this fur-
ther narrows down the scope of the involved parameters kY,
DNO©H - and DN©M: More profound approaches for a better
approximation of the experimental cell voltage curve may there-
fore be, as before, a more complex modeling in the form of, e.g., a
multistep reaction for the OER or the use of a particle size distri-
bution to disperse the behavior of the solid diffusion.

3.1.2. Parameter Influence

In the previous section, we have seen that only a certain balance
between all processes makes it possible to approximate the
experimental cell voltage curves. This is particularly evident in
the delicate interplay of effects in segments D and E, and raises
the question in which manner the parameters listed in Table 1
affect the cell’'s behavior. To shed more light on this influence,
the reaction rate constants of the two main Reaction (1) and (2)
and the prominent O, formation Reaction (6) are being varied
here. The reference scenario is the previously shown cycling
curve of the formation cycle.

Figure 6a shows the effect of slowing down Reaction (1) in
two steps. The respective charge and discharge branches are
shifted almost parallelly from the reference, explainable by the
conversion-type reaction in conjunction with the negligible influ-
ence of the HER (Reaction (5)), giving a higher overpotential at the
Zn electrode uniformly throughout the cycle. Similarly, in
Figure 6b, the proton insertion Reaction (2) at the Ni electrode
is diminished. Here, the strong competition with the OER

2
1.8
0
E 1.6
3 : ..
S140 K010 [ [ |- &"-0.010 [ k.50 [
-=k1-0.05 f e k10,005 ||| P |- kY0
12+ — unaltered [||- ¥ | — unaltered |||} — unaltered H
I I I I I I
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Q / Qmax — Q / Qmax — Q / Qmax —

Figure 6. Sensitivity of the cell voltage curve to parameter variations dur-
ing the third formation cycle: a) Reaction rate of the zinc dissolution k',
b) reaction rate of the proton insertion k", and c) OER rate k'. The refer-
ence simulation with standard parameters is given in dark gray.
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(Reaction (6)) leads to the fact that the charge branches converge
toward higher SOCs with the reference simulation. The reason is
that at low SOCs the additionally necessary overpotential at the
Ni electrode is provided by Reaction (2) while then successively
the OER is favored with its unaltered reaction rate. When dis-
charging, the OER does not play a role, and hence the discharge
branch is again mostly shifted parallelly. Except close to the volt-
age drop at the end of discharge, when the manipulated proton
insertion rate plays on the proton diffusion in the Ni active mate-
rial. The result of varying the OER rate is shown in Figure 6c.
A higher rate means an earlier onset of the end-of-charge voltage
plateau and hence an extended period of O, production, because
the OER becomes favorable over the proton extraction earlier on.
Subsequently, due to the lesser number of protons extracted
during charge, the discharge capacity is reduced and the final
voltage drop happens earlier. When lowering the OER rate, the
effects are reversed: The OER takes over later during the charging
period, meaning at a more elevated cell voltage and for a shorter
period, giving a higher discharge capacity.

Visibly, the three as examples chosen reaction rates have a
diverse influence on cell voltage of the Ni/Zn battery, and in
the case of the competing proton insertion Reaction (2) and
O, formation Reaction (6), on the discharge capacity. Measures
that tip the balance in favor of Reaction (2), e.g., through additives
suppressing Reaction (6), would directly improve the CE.

Further sensitivity studies may be found in Section 5$12.2,
Supporting Information.

3.1.3. Convection During One Cycle

When examining the cycling behavior of the virtual cell, another
important detail is the convection of the electrolyte solution it
contains. Its observed movement during charge has been sche-
matically illustrated in Figure 7. We see that liquid moves out of
the Zn electrode (A) toward the membrane (M), felt (F), and ulti-
mately the Ni electrode (C) and the regions next to it. This hap-
pens strongly through central pathways, but also involves
movement through the outer parts of the cell components.
When discharging, this process is reversed, and liquid is sucked
back into the Zn electrode.

The model-based convection behavior shown in Figure 7 sug-
gests a counter-intuitive flow of electrolyte solution during

Charging
> Z M

Figure 7. Schematic movement of the electrolyte solution in the virtual cell
(dashed arrow) during charge. The liquid is forced out of the Zn electrode.
When discharging, the direction is reversed. The different regions mark the
Zn electrode/anode (A), the membrane (M), the felt (F) and the Ni elec-
trode/cathode (C).
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cycling. By just reasoning on the basis of the Zn/ZnO conversion,
the charge operation should lead to a significantly enlarged pore
space due to the 40% smaller molar volume of Zn, sucking the
electrolyte solution into the Zn electrode as, e.g., assumed by
Choi and coworkers.”'** But when accounting for all species con-
sumed and created in Reaction (1) and (3), based on our param-
eterization, the volume of the electrolyte solution expands more
than the pore space (approximately in a ratio of 4 to 1). This trend
also applies to the single steps of the overall dissolution-
precipitation process. Hence, a counter-intuitive convection
scheme is found, and in its consistency along the whole reaction
chain, it may indicate a prominent role in the cell. This reasoning
has already been made by Einerhand et al.*®**! on an experimen-
tal basis, and has been described under the term density gradient
model in their work. They note that the convection pattern plays
an important role in zincate redistribution and hence is partly
responsible for the zinc shape change, and also rule out other
ideas as the (sole) influence of the membrane or concentration
cells given by other authors.®®-°? Additionally, as supporting evi-
dence, our cycling experiments show a moderately increasing
electrolyte solution level during discharge.

For a more precise analysis, however, other influences such as
the slight volume change of the Ni electrode when H™ insertion/
extraction is happening and the headspace volume should be
taken into account.

3.2. Long-Term Cycling of the Cell

For this section, the previously presented simulation is continued
until the virtual cell starts to fail. This happens after ~269 regular
cycles when the capacity starts to decline, see Figure 8. The cor-
responding evolution of the internal configuration of the battery
cell is shown in Figure 9. Furthermore, a 3D simulation is done for
an evaluation of the zinc shape change process.

3.2.1. General Cell Behavior

In a first step, we compare the results of our simulation to the
characteristic quantities of the prototype cell, namely the cell
voltage U and the CE ¢. This is accompanied by a glimpse
of the cycled SOC window.

In Figure 8a, we see cell voltage curves during regular charge/
discharge cycles over transferred charge normalized to the cell’s
8 Ah capacity. In the background, as before, we see the envelope
of several cycles of the experiment, which lie in the range of cycle
numbers 49-101 (cf. section on experimental procedures). On top
of this, the simulation’s cell voltage curves are drawn, from dark
blue to dark red in ascending cycle numbers. Since most of the
visible colors are dark red, this means that the cell voltage curve
does not change a lot during the cycling simulation, except at the
very end of cycle life, when the point at which the cycling proto-
col switches from CC to CV charging shifts to the left and later the
charging finishes prematurely.

Figure 8b shows the CE of our simulations (orange) and of the
experiments performed (blue) over time during cycling. The two
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Figure 8. Results and comparison of long-term cycling. a) Cell voltage over
transferred charge: regular cycles compared to experimental envelope with
simulation failure starting at regular cycle 269 (equals total cycle 272).

b) The development of the Coulombic efficiency (CE) and c) of the SOC
over time. The CE is always depicted at the end of a charge/discharge
cycle and compared to the CE of a cycling experiment. The CE y-axis’
upper part is differently scaled to better show details around ¢ = 1.

distinguishable time segments are the formation cycles 1-3 and
the subsequent regular cycles until the start of cell failure. During
the formation cycles, the efficiency in the experiments increases
from ~0.55 to 0.87, while the simulation shows a steady value of
0.85. When switching to regular cycles, the overall behavior of
experiment and simulation is similar: The CE stabilizes in a range
between 0.995 and close to 1.0 (indicated by the two blue dotted
lines). The simulation result fluctuates in a barely visible, much
narrower range. Differences are noticeable in two points. First,
at the beginning of the regular cycles, the experiments show
an initial spike followed by a short dip, whereas the simulation
directly attains stable values. Second, at the end of the cycle life
of the virtual cell, its CE slowly drops until a visible minimum at
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regular cycle 269 before rising again afterward. In contrast, at this
point, the prototype cell is still far from cell failure and shows,
therefore, no unusual features.

The last panel, Figure 8¢, depicts the development of the sim-
ulated cell’'s SOC over time. Again, the two segments of formation
and regular cycles are clearly separable. The SOC ranges in the
formation cycles from nearly 0% to ~90% and in the regular
cycles in a window between ~10% and 76%. After regular cycle
269, the SOC and hence the available capacity starts to drop visi-
bly. Generally, we see that the lower and upper turning points of
the SOC remain very stable throughout cycling.

The battery model also shows in the long-term cycling simu-
lation a behavior which approximates the experiments closely.
Like these, it predicts stable cycles (Figure 8a) characterized by
high CE (Figure 8b) and a constant SOC window (Figure 8c)
throughout cycle life. Even small but barely visible fluctuations
in both CE and SOC are reproduced.

The two major deviations from the experimental CE are read-
ily explained. During formation and initial regular cycles, the
experimental data show behavior not captured by the model,
as Zn electrode formation processes are not covered. However,
the model successfully reproduces the third formation cycle,
which was used for parameter adjustment. Furthermore, the
initial differences in the regular cycles are mostly due to the
experiments using two other cycling protocols before switching
to the one used by the simulation. At end-of-life, the virtual bat-
tery exhibits a complex behavior. The internal configuration has
changed to such an extent, i.e., zincate shortage acting on con-
centration overpotentials (see next section), that the voltage limit
to switch from CC to CV charging is reached earlier on
(see Figure 8a), and hence an extended period of high voltage
promotes oxygen formation, resulting in a phase of steadily
declining CE. At the minimum of CE, regular cycle 269, the CV
period has developed a length which lets the charging current
drop below the limit defined in the cycling protocol (cf. the exper-
imental procedures section) before reaching 8 Ah of transferred
charge. In consequence, the SOC window cannot be maintained—
the dischargeable capacity starts to diminish. Due to this now
dominant limit for end-of-charge, the CV period shortens again,
which leads to less O, formation and thus the CE rises again while
the SOC window continues to shrink. At the same time, the again
increasing CE starts to get limited by the HER, which slowly gains
weight due to the aforementioned changes in internal configu-
ration. Therefore, the already mentioned regular cycle 269 poses
here as an indicator of maximum cycle life. This is little compared
to the more than 3800 cycles reported for the experiment, but not
unusual as our model and its parameterization do not cover all
aspects of the prototype cell. For example, the 8 Ah prototype
cells mainly failed due to cracking and subsequent loss of active
material in the Ni electrode. This effect, mainly driven by the
repetitive volume changes of the NiO(OH)/Ni(OH), electrode
when charging and discharging, is not covered by our model,
as well as aspects of different additives such as Ca(OH), in the
electrodes and the electrolyte. Naturally, this could mean a pro-
gressively divergent behavior of the model with each cycle com-
pared to the experiment. This is not inherently negative, as it may
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Figure 9. Evolution of volume fractions and concentrations along the x-direction of the cell. Regular cycles 1, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250,
and 269 are depicted with lines of increasing color intensity. a,c) Show the volume fractions of Zn and ZnO at the end of charge and end of discharge,
respectively. Similarly, b,d) show the concentration profiles of OH™, Zn(OH),>~ and its saturation concentration at the end of charge and end of discharge,
respectively. The background colors indicate the compartment of the cell according to Figure 4.

assist in identifying important processes for cycle stability, and
hence in refining the general model. Furthermore, while long-
term predictions may not be accurately close to the prototype
cell’'s behavior, the model still allows to learn about the processes
modeled, which may be studied in their pure functioning without
the interference of other failure processes.

Nevertheless, the virtual cell continues to cycle until regular
cycle 395, in which around 85% of the initially utilized capacity is
still accessed and the cell fails due to continued zinc redistribu-
tion and follow-up transport restrictions.

3.2.2. Internal Configuration

Beyond this rather external characterization of the cell behavior,
the simulation enables us as well to examine the internal dynam-
ics that drive the observed behavior. For this purpose, we analyze
the evolution of the volume fractions of Zn and ZnO and the con-
centration profiles of OH™ and Zn(OH)2", depicted for the end of
charge (see Figure 9a,b) and the end of discharge (see Figure 9¢,d),
respectively.

Batteries & Supercaps 2026, 9, €202500704 (11 of 19)

Initially, Zn and ZnO volume fractions (Figure 9a) show nearly
equal distribution at the end of charge, with some variation near
the membrane. However, as cycling progresses, Zn increasingly
accumulates toward the current collector while ZnO quickly
depletes throughout the electrode, last disappearing near the
membrane. In advanced cycle stages, ZnO is completely con-
sumed across the entire electrode at the end of charge, while
Zn develops a small peak due to spatially different growth rates.

The concentrations in Figure 9b show a certain stability up to
the first 150 to 175 regular cycles, with the profiles of both, c°* and
2O remaining in a narrow range. For the zincate concentration,
for some time a relatively flat profile is observed from the mem-
brane halfway into the electrode. Later, the profiles start to deviate
from this behavior, with ¢ increasing and ¢ decreasing sub-
stantially. Near end-of-life, the zincate concentration drops to near
zero throughout the cell, while its saturation concentration remains
relatively stable. Generally, the spatial distribution shows GOH~
decreasing from negative to positive electrode, with Zn(OH)2~
exhibiting the inverse behavior, including that of its saturation
concentration.
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At the end of discharge, the trend for and the shape of the
volume fraction of Zn is similar to that at the end of charge
but with lower absolute values due to zinc dissolution during
discharge (Figure 9c). For ZnO, the volume fraction has the
tendency to be higher close to the membrane at the beginning,
but progressively shifts toward the current collector over
cycling.

In contrast to the changes observed at the end of charge, con-
centration profiles at the end of discharge (Figure 9d) remain rel-
atively stable with increasing cycle number. For OH™, the profile
increases constantly from the Zn to the Ni electrode, while zincate
decreases between these two electrodes. Its saturation concen-
tration shows only a minimal decline.

The general observations show once more that the model
captures the essence of the functioning of the battery. When,
e.g., bringing a charging process to mind, roughly corresponding
to the differences of volume fractions and concentrations
between EoC and EoDC in Figure 9, the following consistent pic-
ture is drawn: Zn increases in the anode through Reaction (1),
consuming Zn(OH)3~. This causes the zincate concentration in
the Zn electrode to drop below its saturation limit, which results
in the dissolution of ZnO via Reaction (3). In combination, these
two reactions release two hydroxide ions reflecting in an increase
of OH™ concentration in this compartment. At the other elec-
trode, extraction of protons from the nickel active material via
Reaction (2) consumes OH™, explaining the drop of its concentra-
tion in the cathode.

Furthermore, the observations reveal critical insights into the
cell functioning and failure mechanism. Despite the virtual cell
cycling in a relatively stable manner until the very end
(cf. Figure 8a), examining the changes in ZnO volume fraction
(Figure 9a) and Zn(OH)2~ concentration (Figure 9b) shows that
progressive depletion of ZnO and subsequent zincate shortage
in the electrolyte solution causes an increased concentration
overpotential for Reaction (1). This leads to the previously
observed earlier onset of the 1.94V plateau, ultimately initiating
cell death.

Before cell death, at advanced cycling stages, redistribution of
Zn and ZnO fuels this problem additionally. The accumulation of
these toward the current collector, which is in agreement to
experiments,®® reduces pore space and progressively restricts
zincate supply toward the rear parts of the negative electrode
during charging, amplifying the aforementioned mass transport
limitations. It has been found that the observed bump in the Zn
volume fraction depends on the cycling conditions, whereby a
longer charging period, i.e., a higher transferred charge, prevents
formation. Furthermore, lowering B?"°* and hence reducing the
transport hindrance of the ZnO layer has similar effects.

This redistribution of Zn and ZnO is already initiated at the
beginning of cycling, as shown by the initial dip and peak of these
two volume fractions at the membrane. Due to transport of zin-
cate to the negative electrode during charging, the Zn(OH)2~
concentration is the highest close to the membrane, see
Figure 9b. This has two effects: First, ZnO is not dissolved as
strongly as in the rest of the anode because the zincate
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concentration does not drop too much below its saturation con-
centration. This has the side effect that the ZnO layer around the
Zn particles stays thicker in this region, restricting the transport of
Zn(OH)2™ and OH™ to the particle surfaces. Second, together with
the higher bulk zincate concentration, this slows down the zinc
deposition during charging close to the membrane. This inhomo-
geneity and reciprocation of local reaction rates and volume frac-
tions is then perpetuated spatially and temporally.

The diminishing zincate concentration in later stages also
explains the previously observed changes in CE and SOC near
end-of-life. As zincate depletes, hydroxide concentration rises
correspondingly, creating two competing effects. First, this con-
centration shift alters the overpotentials for both insertion and
OER, favoring the former due to its single-step mechanism that
consumes only one hydroxide molecule compared to the more
complex oxygen evolution pathway. Consequently, the insertion
reaction becomes increasingly dominant over oxygen evolution.
Second, low zincate concentration triggers the aforementioned
earlier onset of the CV charging phase through increasing the
concentration overpotential of Reaction (1), extending the period
of accelerated O, production. The latter effect overcompensates
the former, explaining the intermediate CE decline observed in
Figure 8b. With continued cycling, the CV charging phase reaches
an extent such that at its end the current drops below the sec-
ondary limit defined in the cycling protocol, terminating the
charging phase before having transferred 8 Ah. This creates
the local minimum of CE visible toward the end of cycling. As
zincate scarcity increases, the onset of the CV phase occurs pro-
gressively earlier, which causes the charge termination to depart
from the desired 8 Ah. This reduces dischargeable capacity, as
reflected in SOC development. However, a lower SOC also weak-
ens the OER, which in turn improves CE again.

The failure mode observed in the simulation demonstrates
that near-perfect cycling between Zn deposition during charge
and ZnO precipitation during discharge is crucial for successful
Ni/Zn cell operation. This delicate Zn/ZnO balance requires
almost perfect back-and-forth conversion, which is primarily
achieved and reflected through a high CE. High efficiency enables
the cell to maintain Zn and ZnO equilibrium by keeping oxygen
evolution at minimal levels. Additionally, ZnO recovery in each
cycle is partially supported by the recombination of Zn and dis-
solved O,(,q) as described by Reaction (7). Together, these mech-
anisms contribute to cycling stability, but their imperfection, also
with regard to redistribution, represents a primary pathway to cell
failure.

3.2.3. Zinc Redistribution

The analysis of Figure 9 revealed that Zn and ZnO redistribution
may impact cell behavior. To comprehensively examine this phe-
nomenon, we established a 3D battery simulation following the
setup in Figure 4a.

The simulation parameters remain identical to those in the
previous study, but to account for the increased Zn electrode
and its surplus compared to the Ni electrode in the 3D geometry,
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the specific surface area for the HER is reduced by a factor of 0.3.
This adjustment ensures comparable H, production to previous
pseudo-1D simulations. To allow for better comparison, we
applied the same cycling protocol as for the u-XRF experiments.

The computational expense of 3D simulations, driven by
numerous variables and nonlinearities, limited our study to a
small number of cycles. We avoided 2D domains to maintain real-
istic convection behavior, though this prevented long-term stud-
ies where shape change may become more pronounced and
could strongly influence battery performance.

Both experiment and simulation, depict the elemental Zn dis-
tribution in wt%, i.e,, the zinc in metallic Zn and ZnO. In case of
the experiment, this is based on x-XRF measurements (for details
see the experimental procedures), while the simulation calculates
the weight percentage assuming the electrode composition from
Table S3, Supporting Information, which may deviate slightly
from actual electrode values.

Figure 10a,b present x-XRF measurements of a prototype zinc
electrode before and after extensive cycling (1800 cycles).
Initially, elemental zinc distributes nearly homogeneously
throughout the electrode. During cycling, zinc progressively
migrates from the outer edges and corners toward the electrode
center.

The simulation results (Figure 10c-i) show elemental Zn dis-
tribution viewed from the electrode backside. We narrowed the
color band range around initial composition values to visualize
subtle distribution changes at this early cycling stage, while
experimental images display the full range. The colormap differs
slightly but maintains the same red-to-blue gradient.

Starting from homogeneous distribution in the first formation
cycle (Figure 10c), elemental Zn accumulates in the center region
during both formation and regular cycles. This accumulation per-
sists throughout individual cycles, as evident when comparing
end-of-charge and end-of-discharge states. Detailed analysis
(see Figure S10, Supporting Information) reveals that metallic
Zn predominantly occupies the center region while ZnO appears
off-center. The simulation shows distinct behavior along the
electrode edge, where elemental Zn accumulation occurs
during the simulation time span—a pattern not observed in
experiments.

This elemental Zn redistribution in experiment and simulation
represents the well-known shape change phenomenon in Zn
electrodes®®'—a 3D effect. Already after ten regular cycles,
the simulation demonstrates lower elemental Zn content at elec-
trode edges compared to the center in both fully charged and
discharged states. While this difference amounts to only a few
percentage points by weight at this early cycling stage, the model
successfully captures realistic Zn redistribution behavior.

The increase of elemental Zn along electrode edges differs
from u-XRF observations and represents a distinct phenomenon
from classical shape change. This occurs because electrode edges
experience heterogeneous electrode and electrolyte potentials,
leading to different reaction rates and accelerated dendrite
growth. To mitigate this behavior, Zn electrodes are typically
oversized in y- and z-directions compared to Ni electrodes,®
moving undesired effects away from directly facing electrode
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Figure 10. Zn distribution in prototype and virtual cell. a,b) Show u-XRF
scans of the Zn electrode before and after long-term cycling. An accumula-
tion of zinc in the center of the electrode is visible, while the outer regions
deplete. c-i) Show the backside of the virtual Zn electrode at end of
charge (EOC) and end of discharge (EODC) at different cycles. Color
scheme is adapted to the experimental one, but with a narrower band to
visualize differences at this early stage of cycling.

regions and creating more homogeneous potentials with evenly
distributed dissolution-precipitation patterns, thus helping to
extend cycle life.

Our model successfully demonstrates shape change capabili-
ties in these relevant central regions. Comparison with experimen-
tal results (=21800 cycles), Figure 10b and literature'®*3>°¢4 shows
qualitatively similar trends. The uneven densification and
agglomeration of elemental Zn primarily at the electrode center
represents a well-established phenomenon. While 10 regular
cycles provide limited quantitative insight, subtle color variations
indicate early stage elemental zinc unevenness that likely serves
as the precursor to more pronounced zinc shape change observed
in long-term cycling.
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3.3. Optimization

Previous sections and analysis of parameter influences in Figure
S8, Supporting Information, reveal that the reaction rate con-
stants of the main reactions and OER, amongst others, signifi-
cantly impact the virtual battery cell's behavior. This may
translate similarly to (physical) Ni/Zn cells, offering room for
improvements. Previous sections have demonstrated that the
competition between OER and the insertion reaction critically
determines cell efficiency, directly affecting the Zn/ZnO balance,
which is crucial for short to medium-term cycle stability—before
longer-term effects like zinc shape change become predominant.
Thus, we will focus here on ways to minimize the OER influence
and hence optimize Zn/ZnO balance to improve the efficiency
and therefore the cycle life. A second objective is to find out
whether these efficiency gains can also be translated into higher
capacity utilization.

The most straightforward method would be to delay the onset
and reduce the strength of the OER by lowering the reaction rate
constant (cf. Figure S8b, Supporting Information), which could cor-
respond to the use of additives, for example. Another possibility
shows, when plotting the ratio of the volume-averaged side reac-
tion rate to main reaction rate for the two electrodes over the vol-
ume-averaged SOC while charging, the operation where the OER
occurs. In Figure 11a we have simulated this for several
C-rates. The ratios for the Zn electrode are given in solid lines,
while dashed lines represent those for the Ni electrode.

Two observations may be made: First, the ratio IV/l, i.e.,, HER to
zinc deposition, is largely invariant to the SOC. Only larger C-rates
start to disturb this image. The ratio V/I|, i.e., OER to proton extrac-
tion, however, is strongly dependent on the SOC with the OER
constantly gaining weight when charging. Second, moderate
C-rates seem to lower the ratio V/Il somewhat when compared
to low or high C-rates, which is in principle also true for the ratio
IV/l, but to a lesser extent.

The first observation may be explained by the fact that the
overpotentials of Reaction (1) and (5) are relatively constant, only
influenced by concentration changes, which especially show at
higher C-rates and SOCs. In contrast, the overpotential of the
extraction Reaction (2) strongly depends on the SOC via the
OCP curve (see Equation (S21), Supporting Information). This
dependence explains why the OER becomes dominant at higher
SOC values, shifting the ratio of the two reaction rates in favor of
the OER. The second observation, however, is not that trivial, and
comprises two aspects in the case of the Ni electrode. For all reac-
tions, the overpotentials depend on local species concentrations,
which change proportionally to the applied charging current. Due
to the multistep and multielectron nature of most reactions
involved, concentration changes affect the overpotentials and
Butler-Volmer equations differently. At intermediate C-rates, a
favorable combination of concentration profiles, electrode poten-
tials and electrolyte potentials emerges, benefiting the main
reactions. At the Ni electrode, the extraction reaction further influ-
ences this behavior through the SOC-dependent OCP, which is
determined by the local SOC in the active material particle’s outer
shell. When C-rates are high, this outer shell depletes more
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Figure 11. a) Influence of charging rate on the competition between side
and main reactions. While the ratio of Reaction (5) to Reaction (1) (solid
lines) stays approximately constant and on a low level, the ratio of
Reaction (6) to Reaction (2) (dotted lines) changes strongly. Both show an
optimal rate at which the influence of the side reaction is the lowest.

b) Analysis of the ratio Reaction (6) to Reaction (2). There are optimal
charging rates to minimize the influence of the OER. Gray contour lines are
drawn along constant SOC (linearly interpolated between points). Based on
the discrete data, the violet circles indicate charging rates with minimal
influence of the side reaction. c) Cell voltage at the end of discharge over
SOC (spline through data points). Lower discharging rates allow a deeper
discharge.

rapidly, making proton extraction less favorable compared to
OER. Simultaneously, protons in the particle core cannot escape
due to solid diffusion being slower than the reaction rate, causing
a low SOC. At intermediate C-rates, however, the extraction rate
and solid diffusion remain sufficiently balanced, allowing the
system to reach high SOC values before OER becomes the domi-
nant process.
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Analyzing this rate dependence further in Figure 11b, the
previous observations are visible in more detail. We see the
development of the ratio of the reaction rates V/II for different
C-rates along an ascending SOC. From the color scheme, and even
more from the contour lines derived from it along constant SOCs,
we see more clearly than before that the optimal charging rate
for minimum O, production slowly shifts to lower C-rates with
increasing SOC. Thus, a step-by-step reduction of the current
during the charging operation may slow down the OER
additionally.

Lastly, in Figure 11c, another optimization approach is
revealed for the discharge operation. There, we see that slower
discharge rates allow for a larger discharge depth. This phe-
nomenon stems from the competition between proton diffu-
sion speed within Ni particles, as visible in Figure S8c,
Supporting Information, and the insertion/extraction reaction
rate. In this sense, lowering the C-rate toward the end of dis-
charge allows the solid diffusion in the particles to keep up with
the reaction rate. This lowers the insertion rate of protons, giv-
ing them more time to diffuse toward the particle centers,
which delays reaching the proton capacity in the outer shell
and hence the collapse of the cell voltage. Therefore, this effect
may be used to either further extent the cycle life by shifting
the SOC window away from OER dominance or to increase the
cycled capacity.

These observations now suggest the use of tailored C-rates
and charging limits to improve the efficiency, cycle life or avail-
able capacity of the cell by adapting the cycling protocol. This is
another optimization strategy in addition to the use of additives
for OER suppression mentioned at the beginning.

The two approaches are now compared to the reference case
from the previous sections in six different scenarios, where only
the first one deals with an additive-induced reduction of the OER
rate and the five remaining cover a step-wise adaption of the
cycling protocol to explore the potential for cycle life and capacity
improvements. These adapted cycling protocols are listed in
Table 2 and the results are shown in Figure 12.

Table 2. Cycling protocols analyzed. The green and red double arrows
indicate the charging and discharging operations, respectively. Scenario |
is the reduction of the OER rate through additives.

Sce. Operations

I = CC| %, — 191V » CV| 191V — 80 Ah
< €| 1C— 1.000V

i = CC| %, — 191V » CV| 191V — 84 Ah
< € 1C—1.000V

v = CC| 2/ — 5.0 Ah » CC["%, — 6.2 Ah » CC| %, — 191V
CV| 191V — 84 Ah

< € 1C—1.000V

% = CC| % — 191V » V[ 191V — 9.2 Ah
& CCl 1€ — 1525V » CC| %, — 1.500V » CC| %/s — 1.000V
vi = CC| */;— 6.0 Ah » CC| /;, — 7.2 Ah » CC| %, — 191V

QV| 191V — 9.2 Ah
& CC1C— 1525V » CC| %, — 1500V » CC| %5 — 1.000V
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In the first two scenarios, the base assumptions are tested.
Scenario | (cyan) uses the same cycling protocol as the reference
simulation (blue), but uses a 50% reduced OER rate constant.
Scenario Il (green) does not change any reaction rate constants
but examines whether the postulated advantage of intermediate
C-rates has an observable influence. For this purpose, the charg-
ing current is reduced to </, as suggested by Figure 11a, which
then also needs an adaption of the upper voltage limit to reach
the CV phase before the 8 Ah limit is attained. It is reduced to
1.91 V. The discharge procedure is untouched.

In Figure 12a, we see that the cell voltage curves are not too
different from the reference case for these two scenarios.
Scenario |, using the same cycling protocol, is nearly congruent
to the base scenario, and scenario Il features a lowered charging
branch due to the reduced charging speed. Visible differences
arise in Figure 12b, where both scenarios have a higher CE
(99.80% and 99.72%) than the reference’s 99.60% (solid lines),
which also reflects in a slower permanent conversion of ZnO
(dashed lines) to Zn (dotted lines). These two quantities are
depicted as volume-averaged volume fraction in the anode, eval-
uated at the end of charge, when ZnO (and subsequent zincate)
shortage has the most severe influence.

Based on this enhancement of the CE, we explore now
whether this may also be translated to a gain in capacity by push-
ing the end-of-charge limit to 8.4 Ah. Scenario lll (olive) differs
from scenario Il just by changing this limit. Scenario IV (orange)
modifies additionally the charging behavior by trying to imple-
ment a step-wise change of charging rate to stay in an optimum
as suggested by Figure 11b. The discharge procedure is still
untouched.

The cell voltage curves in Figure 12a feature the enlarged
transferred charge and, in the case of scenario IV, the now
staircase-shaped charging branch due to the step-wise switching
of charging currents when specific amounts of charge have been
transferred. The slightly augmented capacity lets the CE drop
noticeably to around 99.41% for both, as depicted in
Figure 12b, below the projected minimum of 99.5%. Thus, the
continued reduction of ZnO volume fraction is accelerated
compared to the base scenario, which also reflects in an acceler-
ated degradation starting between cycles 130 and 150 as visible
from the CE.

In a last step, the findings of Figure 11c are integrated into the
discharge phase of the cycling protocol. For this purpose,
scenarios V (purple) and VI (pink) are derived from Il and IV,
respectively, by adapting the discharge current to /4, when
1.525V is underrun and subsequently to %/; when cell voltage falls
below 1.5 V. For scenario VI, the switching points for the charging
current are slightly adapted to the new use-case, see Table 2. In
the same step, the end-of-charge limit is again raised, now to
9.2 Ah, to make use of the anticipated capacity accessed by deep
discharge.

The alteration of the cycling protocols are clearly visible in the
cell voltage curves of Figure 12a: Both scenarios have an impor-
tant increase of the charging phase allowing more charge to be
transferred, and the discharge branch shows the two switching
points of discharge current with the resulting changes in cell
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Figure 12. a) Cell voltage during the 25" regular cycle for the reference and derived scenarios and b) evolution of the Coulombic efficiency and volume-
averaged Zn/ZnO volume fractions (at end of charge) over the cycle number with the same colors as in (a). Curves depicted up to the cycle where capacity

fading starts.

voltage. Furthermore, the cycling to lower SOCs shifts the cell
voltage curves down to lower voltages visible in the charge
and discharge branches. For scenario VI, the charging branch
is again staircase-shaped due to the changes in charging currents.
This changed cycling regime shows nearly as good efficiencies for
both scenarios as for the reference simulation (99.52% and
99.56%), see Figure 12b, with scenario VI being slightly closer.
As usual, this translates equally to the conversion of ZnO to
Zn with progressing cycling, which happens with the same ten-
dencies close to that of the base scenario.

The scenarios show that a reduction of the OER rate, as well as
a considered choice of cycling protocol, may improve CE, despite
the reference simulation’s cycling protocol being already quite
good. This may be translated into either an increased cycle life
or greater capacity utilization.

Scenario | is easily explained: By keeping the standard
cycling protocol, the reduced reaction rate constant lowers
the amount of charge being used for oxygen formation, render-
ing the whole process more efficient. This reduces the imbal-
ance between charging and discharging operation, slowing
down the conversion of ZnO to Zn and hence will delay the
initiation of cell death by ZnO and zincate shortage. As already
mentioned, this type of OER suppression is linked to the use of
expensive additives like cobalt and thus not always an option.
Therefore, it is noteworthy that similar improvements in CE can
be achieved through a thoughtful choice of the cycle protocol,
as demonstrated by scenario Il. The use of intermediate charg-
ing rates, as implied by Figure 11a, indeed has a beneficial
effect on the competition between OER and proton

Batteries & Supercaps 2026, 9, €202500704 (16 of 19)

insertion/extraction reaction. As indicated by the development
of the volume-averaged Zn and ZnO curves in Figure 12b, this
will also lead to an extended cycle life.

The examination of scenario Il reveals that these gains in
efficiency and thus cycle life are only possible in a narrow cor-
ridor of arrangements. Enhancing capacity in particular means
walking a fine line between improvement and deterioration.
Increasing the utilized capacity by 5% to 8.4 Ah extents the
accelerated oxygen formation period to such lengths that
the CE drops by =0.3%, which is already enough to approxi-
mately halve the cycle life and thus not justifying the modest
increase in capacity. The attempt to overcome this strong
reduction of CE with scenario IV by using optimal charging rates
as suggested by Figure 11b does not yield any change in the
performance metrics.

But the integration of adapted discharge C-rates, as discussed
on grounds of Figure 11¢, proves that larger capacities may be
accessed. Both scenarios, V and VI, show nearly as good CE as
the reference simulation, with VI and its adapting charging rates
being slightly ahead. This might be surprising having the nearly
identical outcome of scenarios lll and IV in mind, but for this sce-
nario, the switching points for charging currents were adapted to
the deep discharge in this scenario. These new switching points
seem to match better the predicted OER suppressing behavior in
Figure 11b. At the same time, both scenarios enable the Ni/Zn cell
to use 15% more capacity by only conceding a small amount of
cycle life. The larger part of this improvement is possible due to
decreasing the lower SOC limit from the reference case’s ~9.5%
(cf. Figure 8c) to now =x2.3%.
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Generally, we see that a careful combination of cycling opera-
tions allows access to additional performance of the cell, if lower
and changing C-rates are acceptable in the cell's use-case. The
exemplary scenarios showed that this may be used for extended
cycle life or larger capacity usage. But also combinations of both
are possible, e.g., by using scenario VI and increasing the capacity
by only 12.5% which would translate to a cycled capacity of 9.0 Ah
and an efficiency of about 99.65%. Furthermore, an even more thor-
oughly chosen set of switching points for the charge and discharge
C-rates of scenarios IV and VI could exploit the potential of the opti-
mization approaches presented here even better. The more easily
accessible capacity seems to be that of the lower SOC range, where
nearly 1Ah are added in case of scenario VI compared to only
0.2 Ah in the upper SOC range.

These rather theoretical findings should, in principle, be appli-
cable to physical Ni/Zn cells as well. While finding e.g., optimal
switching points for C-rates could be a tedious work and exploit-
ing deep discharge regions too much could lead to e.g., cracking
of the Ni electrode due to volume expansion, leading to a
reduced cycle life, the careful exploration of these cycling proto-
col optimization strategies may increase the capacity and/or cycle
life by several percent, making Ni/Zn cells more competitive.

4, Conclusion

A physico-chemical, volume-averaged, 3D model of a Ni/Zn cell
with additional focus on side reactions and active material par-
ticles was presented. The former includes, besides the impor-
tant OER and HER, a rudimentary implementation of O, and
H, outgassing and O, recombination with Zn. The latter com-
prises hindered transport due to ZnO precipitation around Zn
particles as well as solid diffusion of inserted H* in Ni active
material.

The model has been adjusted to experimental data of a pro-
totypical Ni/Zn cell, and computational studies have been con-
ducted to compare the behavior of the virtual twin. Through
3D simulation and comparison to u-XRF data of the prototypical
cell, it has been shown that the model is capable of reproducing
the zinc shape change effect. Analyzing the convective flow
throughout a cycle revealed that density changes of the electro-
lyte solution due to variations in the hydroxide and zincate con-
centration surpass pore volume changes due to Zn dissolution/
deposition and ZnO precipitation/dissolution. Hence, electrolyte
solution is counter-intuitively pressed out of the Zn electrode dur-
ing charging, while it is sucked back in during discharge. This pat-
tern may assist the zinc shape change through convecting
zincate in waves toward the center of the electrode, as it already
was pointed out by experiments in literature.

Analysis of long-term cycling simulations revealed that
Zn/Zn0 imbalance in each cycle is a primary cause of cell failure
at low- and mid-range cycle numbers. This imbalance, which man-
ifests as insufficient CE, stems from progressive depletion of ZnO
and ultimately Zn(OH)2". The underlying cause is the OER, which
becomes increasingly active at higher states of charge.

Batteries & Supercaps 2026, 9, €202500704 (17 of 19)

Based on these insights, two key optimization strategies for
extending cycle life have been identified. The first approach
involves using additives such as cobalt to manipulate the
standard reduction potential of the OER, thereby slowing the det-
rimental reaction. Alternatively, the cycling protocol may be
modified to exploit an observed C-rate dependence of the compe-
tition between insertion reaction and OER. This second strategy
offers the attractive possibility of avoiding additives like Co by opti-
mizing the cycling protocol, requiring only careful selection of
appropriate C-rates and usable capacity ranges. As demonstrated,
this approach is also suitable to boost the cycle life and cycled
capacity considerably.
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